by means of phenomenological spin-wave-theory for a spherical and a square-shaped particle (including a thin film). Surface-anisotropy is included, magnetostatic effects are excluded. The conditions for the occurrence of surface-exchangemodes are given. It is shown that these surface modes also follow from an exact quanturnmechanical treatment of localized spins in a square-shaped particle. Some thermodynamic consequences of such surface modes are pointed out.
I. Surface modes by phenomenological spin-wave method. -Let us consider one small ferromagnetic particle imbedded in a paramagnetic matrix. All other ferromagnetic particles should be so far away that magnetic dipole-dipole interaction may be omitted. We discuss collective magnetic excitation, with wavelengths ,?, which are big(re1ative to lattice constant a), but not so big that magnetostatic interactions are more important than exchange interactions. That means, we assume 1 to fulfill :
Under such conditions, magnon modes may be simply derived from a phenomenological approach [l, 21, the fundamental equation being For simplicity, we consider only cases here, in which H / H , is constant exactly or in a good approximation.
We wish to show that surface modes appear as solutions of (2), if the boundary condition at the surface of the particle has an appropriate structure. In fact this boundary condition is very essential for the surface modes. We use a boundary condition, derived by Rado and Weertman [3] , to be written as with B, nz as in (2), alan = normal-derivative, K, = surface-anisotropy constant. + -sign holds, if z-axis is magneticaly easy axis at the surface, --sign holds, if z-axis is magnetically hard axis at the surface. If the geometry of particle is simple, one is able to solve (2) and (3) explicitly. The most simple case is a square-shaped particle (including a plane film). In this case the solution may be separated in cartesian coordinates ; we have in each component solutions of the form K, by measuring these surface modes by ferromagnetic resonance, by low-energy-electron scattering, or by coldneutron-small angle scattering from surfaces of ferromagnetic films.
We have also considered a spherical ferromagnetic particle with a similar result. Surely one can treat also other geometrical cases similarly. equation for the x-component k, of the wave vector k
11 -1 with xl = akx(ll -I), all = length of particle in xdirection, a = lattice constant.
For small kx (7) reduces to (5), i. e. surface modes appear also in the Heisenberg model with surface anisotropy.
Remark that in a paper by Wallis et al. [7] the existence of such modes was shown for a Heisenbergmodel, in which the exchange at the surface is different from that in the bulk material. (8) Therefore surface modes (with one imaginary k) lie below the volume modes (real k) in the frequency spectrum of the particle. If Hi is high enough, the frequency of these modes is located in the gap between o = 0 and o = yH,. In this case, the surface modes should have a strong influence on thermodynamic properties of the particle (or film) for temperatures T with k , T < hyH,.
SURFACE-EXCHANGE MODES I N FERROMAGNETIC PARTICLES A N D THIN FILMS
For Hi of order lo4 G the interesting temperatures are of order 1 OK.
We have calculated in this region the magnetization M and the magnetic part of the specific heat c as function of temperature from our mode spectrum [lo], [I I] . The most interesting features show c(T, x). For strong surface anisotropy and high magnetic fields typical anomalies appear in c as function of T (see Fig. 2 ), but we have still more anomalous behaviour, considering c as function of 1 for fixed T (see Fig. 3 ).
These anomalies are connected with the appearence (or disappearence) of the surface modes by changing2 (see Fig. 1) .
It seems that such features not yet have been observed experimentally.
